Two-dimensional (2D) semiconductors such as mono and few-layer molybdenum disulphide (MoS 2 ) are very promising for integration in future electronics as they represent the ultimate miniaturization limit in the vertical direction. While monolayer MoS 2 attracted considerable attention due to its broken inversion symmetry, spin/valley coupling and the presence of a direct band gap, few-layer MoS 2 remains a viable option for technological application where its higher mobility and lower contact resistance are believed to offer an advantage. However, it remains unclear whether multilayers are intrinsically superior or if they are less affected by environmental effects. Here, we report the first systematic comparison of the field-effect mobilities in mono-, bi-and trilayer MoS 2 transistors after thorough in situ annealing in vacuum. We show that the mobility of field-effect transistors (FETs) based on monolayer MoS 2 is significantly higher than that of FETs based on two or three layers. We demonstrate that it is important to remove the influence of gaseous adsorbates and water before comparing mobilities, as monolayers exhibit the highest sensitivity to ambient air exposure. In addition, we study the influence of the substrate roughness and show that this parameter does not affect FET mobilities.
Introduction
Two-dimensional (2D) layers from the group of semiconducting transition metal dichalcogenides (TMDCs) are very promising building blocks for future nanoelectronics. 1, 2 In contrast to graphene, 3 semiconducting TMDCs exhibit bandgaps in the 1-2 eV range, enabling devices with large I on /I off ratios. 1 Due to their atomic thickness, 2D materials allow superior electrostatic control and as such, 2D TMDCs represent the ultimate limit for transistor scaling. 4 To date, the most widely studied TMDCs has been MoS 2 . Monolayer MoS 2 is a true 2D semiconductor only 6.5 Å thick, exhibiting a direct band gap of 1.8 eV. 5 Recently, FETs, 1 signal amplifiers 6 as well as logic circuits operating at room temperature based on mono- 7 and bilayers 8 of MoS 2 have been demonstrated. FETs operating in the technologically relevant gigahertz-range of frequencies and showing current, voltage and power amplification have been demonstrated as well. 9 MoS 2 exhibits current saturation 10 and a breakdown current density at least 50 times higher than copper. 10 Besides its very promising electronic and optoelectronic 11 properties, MoS 2 exhibits mechanical stiffness comparable to steel and a breaking strength close to the theoretical limit of solid state materials, 12 measured after in situ annealing in vacuum. 16 Here, we compare the mobility in mono-, bi-and trilayer FETs that underwent thorough in situ annealing. In situ annealing has proven to be a very efficient way to improve the mobility, especially in monolayer devices. [16] [17] [18] Results and discussion It is important to note that this is the first study of thickness-dependent mobility in a four-terminal configuration. This allows extracting more accurate values of conductivity and mobility compared to two-terminal devices because the effect of contact resistance can be excluded. [22] [23] [24] Typical transfer characteristics (I ds vs. V g ) are shown in Fig. 1d . The four-contact conductivity σ of the MoS 2 In the following discussion, we assume the geometric capacitance value to be
using ε r = 3.9 and d = 270 nm for the dielectric constant and thickness of the SiO 2 layer. Fig. 2 shows the influence of in situ annealing treatments on the performance of a monolayer FET. The red curve in Fig. 2a shows the four-contact conductivity σ under ambient conditions. Prior to characterization the device has been exposed to air for several days. We load the device in the vacuum chamber and pump to a vacuum level of ∼1 × 10
mbar. Under these conditions, we expect most of the physisorbed gaseous molecules to be removed from the surface of the MoS 2 . Removing the adsorbates results in a significantly improved conductivity (Fig. 2a) and mobility (Fig. 2c) . Note that the above definition of the field-effect mobility µ is fully accurate only in the "on" state of the device. At this point, the measured characteristic is still hysteretic, giving rise to a mobility depending on the V g sweep direction. Furthermore, the measurement is relatively noisy. Subsequently, the device is annealed at 120°C for ∼12 hours in vacuum and measured at a vacuum level of ∼1 × 10 −6 mbar after cool-down to room temperature. This annealing results in a shift of thresholdvoltage V th , corresponding to n-type doping. 18 The annealing eliminated the hysteric behavior of the device and the mobility is now independent of the V g sweep direction. Now, we can also observe a plateau around the maximum value of fieldeffect mobility. This regime of carrier density-independent mobility is attributed to the conduction band mobility. 16 An extension of the annealing time does not result in a higher band mobility but in an even larger shift of V th . We thus conclude that the extracted mobility value can be considered as the intrinsic mobility value of the characterized FET. This demonstrates the importance of thorough cleaning of 2D MoS 2 devices before comparing the performance of different device architectures. We rule out that the observed improvement of performance is due to improved contacts since we performed contact annealing prior to characterization. Fig. 2b and d show the conductivity and mobility after re-exposing the device to atmosphere for 15 minutes and 24 hours. This results in a significant reduction of conductivity and a shift of V th towards positive voltages, indicating p-type doping. For longer exposures (∼24 hours), the conductivity and mobility exhibit a gradual deterioration. For exposures exceeding 24 hours, we expect the device to eventually revert back to the original state, i.e. the situation prior to any vacuum cleaning and annealing. We made identical observations for all characterized devices investigated in this study (see section 2 and 3 of ESI †). The reversible change upon annealing/re-exposing to ambient conditions indicates that the threshold voltage change and hysteresis are due to adsorption/desorption of atmospheric species and not to the formation of atomic defects. We observe the mobility plateau after in situ annealing (Fig. 3a) in all devices (see Fig. SI 2 of ESI †) and can use it as a reference point for comparison of the band mobility. Fig. 3b shows the band mobility values, averaged over a range of ΔV g = 10 V around the maximum extracted mobility. The error bars correspond to the Gaussian error deduced assuming that the oxide thickness d ox , the voltage probe spacing L xx and the width W vary by ±20 nm, ±150 nm and ±150 nm, respectively. These parameters were checked by means of optical reflectometry (d ox ) and atomic force microscopy (L xx and W), showing that these error assumptions are conservative estimates. The error bars specify the confidence interval of the mobility extraction but do not account for the scattering of the data points, which is caused by the influence of environmental factors. Fig. 3b shows that the band mobility in monolayer devices is significantly higher than in devices based on two and three layer thick MoS 2 . We conduct a statistical t-test of this hypothesis and conclude that it is correct with a probability of 99.5% (see section 4 of ESI †). The observation of highest mobility in monolayer of MoS 2 is in contradiction with previous reports. 8, 13, 15, 25, 26 Among those reports, several 13, 25, 26 studied the thickness-dependent mobility systematically. All of them reported the opposite mobility trend for thin layers, i.e. a decreasing mobility with decreasing number of layers and a minimum for monolayers. As in all these previous studies the mobility of the monolayer remains well below the value reported here, we attribute this erroneous observations to insufficient removal of atmospheric adsorbates. We expect scattering caused by extrinsic charged impurities to decrease as the layer thickness increases. This assumption is supported by the fact that for much thicker layers (∼10 nm) 13, 25 higher mobilities have been reported. Nevertheless, this scattering mechanism cannot explain our experimental observation as it implies the opposite trend. Nor can scattering caused by intrinsic charged impurities explain the thickness-dependent mobility because such defects would equally affect all layer thicknesses. We thus attribute the higher mobility in a monolayer to a reduced effective electron mass relative to thicker layers. 27 It is interesting to note that the mobility trend is similar to the case of graphene. 28, 29 We speculate that this similarity could arise from a reduction of phonon scattering modes in monolayers compared to thicker layers, enhancing the effect of lower effective mass in monolayer MoS 2 .
We also investigate the correlation between surface roughness and mobility. In the case of graphene, it has been shown that devices exhibit improved performance if transferred onto boron nitride, which is attributed to the reduced surface roughness of this substrate. 30 Fig. 4 depicts the mobilities sorted for unpolished and polished SiO 2 . As shown in the inset, the polishing of SiO 2 results in an ultra-smooth substrate. By this polishing, the RMS value of the surface height can be reduced from a value of ∼250 pm to less than 150 pm (see Fig. SI 5 of ESI †). However, in the case of MoS 2 , we do not detect a similar correlation between device performance and surface roughness. We now compare the dynamics of performance degradation upon re-exposing the devices to ambient conditions (see Fig. 5 ). After in situ annealing, the vacuum is broken and the flakes are exposed to ambient air while their conductivity is monitored at a given value of V ds = 100 mV and V g = 70 V (Fig. 5a ). The high gate voltage assures that the conductivity is modified by gaseous adsorbates in the range of band-like transport. To be able to compare the sensitivity for different devices, the conductivity σ(t ) is normalized, i.e. divided by σ 0 = σ(t = 0). As can be seen in Fig. 5a , the monolayer is much more sensitive to exposure to atmosphere than the devices made of bilayer or trilayer MoS 2 . It is reasonable to expect that the performance degradation upon exposure to ambient conditions is due to the adsorption of water and oxygen, with the dynamics governed by two characteristic time constants, with the shorter corresponding to the physisorption of oxygen (τ 1 ) and the longer to water condensation (τ 2 ). Because of this, we fit the experimental data with a double exponential of the form σ/σ 0 = σ 0 n + σ 1
and find a good agreement with the fit that can be explained by the presence of at least two different doping mechanisms. Fig. 5b shows the extracted time constants τ 1 and τ 2 for all layer thicknesses. τ 1 does not correlate with the number of layers and is of the order of 0.5-1.2 minutes. The τ 2 value of the monolayer (7.5 min.) is significantly smaller than for the bi-and trilayer (9.7-12.6 min.). In practice, many more gaseous species are physisorbed at the MoS 2 surface, 31 and a fit with multiple exponentials results in an even better fitting of the experimental data. 
Conclusion
In summary, we have compared the field-effect mobilities of FETs based on mono-, bi-and trilayer MoS 2 in vacuum after in situ annealing. We showed that the values attained on the mobility plateau are systematically higher in monolayer MoS 2 compared to bi-and trilayers. This contradicts previous results in which the effects of atmospheric adsorbates have not been removed. This in turn shows that it is crucial to take the influence of adsorbates and substrate properties into account. We demonstrate the importance of degassing adsorbates when trying to access the intrinsic properties of MoS 2 , because monolayer MoS 2 is most sensitive to air exposure. This explains why it was so far believed to have a lower mobility. After reducing the influence of atmospheric contaminations, we can study the influence of surface roughness and show that it does not influence the mobility. Future experimental work should elaborate the precise adsorption processes of different gaseous species contained by ambient air, e.g. by means of FTIR, XPS or Auger spectroscopy. An important question that should be addressed by theoretical modeling is where the gaseous species are physisorbed exactly, i.e. is adsorption more likely to occur at defects and edges of the flake.
